A number of trypanosome isolates from Australian marsupials are within the clade containing the human pathogen Trypanosoma cruzi. Trypanosomes within this clade are thought to have diverged from a common ancestral bat trypanosome. Here, we characterise Trypanosoma noyesi sp. nov. isolated from the critically endangered woylie (Bettongia pencillata) using phylogenetic inferences from three gene regions (18S rDNA, gGAPDH, and CytB) coupled with morphological and behavioural observations in vitro. We also investigated potential vectors and the presence of T. noyesi in the grey-headed flying fox (Pteropus poliocephalus). Phylogenetic analysis revealed T. noyesi and similar genotypes grouped at the periphery of the T. cruzi clade. T. noyesi is morphologically distinct both from other species of Australian trypanosomes and those within the T. cruzi clade. Although trypanosomes were not observed in the digestive tract of ectoparasites and biting flies collected from T. noyesi infected marsupials, tabanid and biting midges tested positive for T. noyesi DNA, indicating they are vector candidates. Tissues from flying foxes were negative for T. noyesi. This study provides novel information on the morphology and genetic variability of an Australian trypanosome within the T. cruzi clade.
Introduction
Trypanosomes are protozoan blood parasites that can infect almost all vertebrates. They are responsible for a number of neglected tropical diseases including African sleeping sickness and Chagas disease in humans, and the economically important Nagana in cattle. Despite numerous reports of trypanosomes infecting Australian wildlife, only eight isolated from native mammals have been described to the species level (reviewed in Thompson et al. 2014) . Descriptions of trypanosomes generally rely on their morphology in blood smears taken from the vertebrate host and, more recently, their characterisation using molecular techniques. Trypanosomes isolated from Australian mammals have revealed a number of very distantly related species, high levels of genetic diversity within species (Botero et al. 2013; Hamilton et al. 2004; Noyes et al. 1999; Paparini et al. 2011; Stevens et al. 1999 ), a lack of species specificity (Averis et al. 2009; Botero et al. 2013) , polymorphism in blood within and between hosts (Austen et al. 2009; Thompson et al. 2013) , and also can occur in mixed infections (Botero et al. 2013; Paparini et al. 2011; Thompson et al. 2013 ). These observations highlight the difficulties of classifying trypanosomes isolated from Australian wildlife using traditional methods, which has resulted in reporting of a number of superficially characterised, but unnamed, isolates (Thompson et al. 2014) .
A trypanosome of particular interest is T. sp. H25 (H25) isolated from an eastern grey kangaroo (Macropus giganteus) in New South Wales, which is in the T. cruzi clade and is most closely related to T. wauwau from bats (Lima et al. 2015) . This clade includes T. cruzi (the pathogenic agent of human Chagas disease), the non-human pathogenic T. rangeli, and the bat-restricted species T.dionisii, T. cruzi marinkellei, and T. vespertilionis, which were all isolated in South America. However, T. vespertilionis and T.dionisii have been also found in Europe. The T. cruzi clade also contains the batrestricted species T. livingstonei, T. erneyi, and T. wauwau (Lima et al. 2012 (Lima et al. , 2013 (Lima et al. , 2015 , two isolates found in a civet and monkey respectively in Africa (Hamilton et al. 2009 ), and T. conorhini isolated from a rat found throughout the tropics (Hamilton et al. 2012) . In Australia, isolates highly similar to H25 have been reported from the common brush tailed possum (Trichosurus vulpecula) -T. sp. AP2011 isolates 15/17 (AP2011), and the woylie (Bettongia penicillata), boodie (Bettongia lesueur), and banded-hare wallaby (Lagostrophus fasciatus) -T. sp. H25 G8 (H25 G8) in southwest Australia (Botero et al. 2013; Paparini et al. 2011) .
The discovery that H25 is at the periphery of the T. cruzi clade raised questions about the diversification and dispersion of trypanosomes worldwide and led to the "southern super-continent hypothesis" to explain the evolution of T. cruzi clade trypanosomes (Stevens and Gibson 1999; Stevens et al. 1999 ). The southern super-continent hypothesis, suggested that T. cruzi clade organisms emerged from trypanosomes present in marsupials more than 40 million years ago when South America, Antarctica, and Australia were joined in the super-continent, known as Gondwana (Stevens et al. 1999) . However, the vast genetic diversity of trypanosomes isolated within Australia indicated that unlike their hosts, they had not been isolated in Australia since the break-up of Gondwana. An alternative hypothesis emerged, called the "bat seeding hypothesis", which suggested trypanosomes within the T. cruzi clade were originally bat parasites that subsequently switched into terrestrial mammalian hosts facilitated by their mobility (Hamilton et al. 2012 ).
An estimated 3000 Latin American immigrants chronically infected with T. cruzi were estimated to reside in Australia in 2006 (Gascon et al. 2010 Schmunis and Yadon 2006) , representing a possible biosecurity risk to native wildlife as well as humans (Thompson and Thompson 2015) . Considering the close genetic proximity of T. cruzi and H25 there are concerns that the unknown vector(s) for H25 could also transmit T. cruzi. T. cruzi is transmitted by bugs from the family Reduviidae and while the risk of reduiivid bugs (generally triatomine bugs) becoming established as pests in Australia is low, one species Triatoma leopoldi, was reported in Cape York Peninsula in Queensland (Monteith 1974) . It is unknown if any Australian invertebrates, can transmit T. cruzi. However, it was recently established that bedbugs can facilitate transmission of T. cruzi in a mechanical capacity indicating that other invertebrates may share this ability (Salazar et al. 2015) . There are two main concerns associated with this in Australia. Local marsupials could become reservoirs for T. cruzi amplifying the number of parasites in vectors and hosts as they do in South America (Travi et al. 1952) . Alternatively, the introduction of T. cruzi into these populations could be catastrophic as previous research has indicated it can cause disease and mortality in Australian marsupials (Backhouse and Bolliger 1951) .
In this study, we characterise a novel trypanosome genotype closely related to Trypanosoma sp. H25, AP2011 isolates 15/17 and H25 G8 from the critically endangered marsupial, the woylie. We describe the new specimens' morphology, identify potential vectors, and investigate its presence in tissues from Australian bats. Combined with phylogenetic inferences based in the small ribosomal subunit (18S rDNA), glyceraldehyde-3-phosphate dehydrogenase (gGAPDH) and cytochrome B (CytB) gene regions, we classify this trypanosome as a new species.
Results

Isolation of Woylie Trypanosomes in Culture
A single blood sample from a woylie (WC6218) cultured in TRPMI 1640 (Roswell Park Memorial Institute 1640 supplemented with tryptose) medium and maintained at 28
• C resulted in the isolation of trypanosomes. Subsequently, trypanosomes from this culture were able to grow in a number of biphasic cultures containing BHI (brain-heart infusion) blood medium as a solid phase, and either RPMI 1640 (Roswell Park Memorial Institute), LIT (liver infusion tryptose), or Grace's media as a liquid phase. However, TRPMI 1640 best supported its continuous cultivation in culture either with BHI or alone.
DNA Sequencing, Phylogenetic Relationships, and Genetic Distances Based on 18S rDNA, gGAPDH, and CytB Genes
Comparison of sequences obtained from the 18S rDNA (1,441 bp) and gGAPDH (810 bp) genes using generic primers confirmed the new trypanosome isolated from woylie blood was a novel genotype closely related to the trypanosomes H25, AP2011 15/17, and H25 G8, from Australia. The new isolate differed at 1/3, 5/24, and 4/17 (18S rDNA/gGAPDH) nucleotide sites from H25, AP2011 15/17, and H25 G8 respectively. The woylie isolate was more closely related to trypanosomes from outside Australia in the T. cruzi clade than it was to other Australian trypanosomes isolated from marsupials such as T. copemani, T. gilletti, T. irwini, T. sp ABF and T. vegrandis as previously indicated (Botero et al. 2013; Noyes et al. 1999; Paparini et al. 2011) (Figs 1 and 2 ). Similar tree topologies were obtained from the 18S rDNA, gGAPDH (Figs 1 and 2), and CytB (Supplementary Material Fig. S1 ) phylogenetic analyses, where the new isolate was within the well-resolved T. cruzi clade with eight other Trypanosoma species including: T. cruzi, T. cruzi marinkellei, T. erneyi, T. dionisii, T. wauwau, T. rangeli, T. vespertilionis, and T. conorhini . The 18S rDNA phylogeny showed T. wauwau formed a sister clade to the one containing the new isolate, H25, AP2011 15/17, and H25 G8 (Fig. 1) . However, the gGAPDH phylogeny showed T. wauwau was a sister clade to the one containing T. rangeli, T. conorhini, and T. vespertilionis, and not to the clade containing the new isolate (Fig. 2) .
The genetic distance between the new isolate and T. cruzi was larger when compared with T. rangeli and bat trypanosomes (Supplementary Material Species-specific PCRs DNA extracted from the in vitro cultures of the new isolate tested positive to 18S rDNA clade C speciesspecific PCR confirming the genetic similarity with H25, AP2011 15/17, and H25 G8. WC6218 culture was negative for T. copemani and T. vegrandis species specific PCR's indicating the absence of mixed infections with these Trypanosoma spp., which are the only other species previously found infecting woylies. All 57 tissue samples from 31 bats were negative when screened using the clade C species-specific PCR.
Morphology of the New Isolate in vitro
Trypanosomes were not seen in peripheral blood smears taken from the woylie WC6218, from which the new trypanosome was isolated in culture. Live-cell phase contrast microscopy of the new isolate in vitro demonstrated high levels of pleomorphism (Fig. 3) . The different morphological forms observed in vitro ranged from epimastigotes, trypomastigotes, and spheromastigotes to several intermediate forms of epimastigotes and trypomastigotes (Fig. 4, Supplementary Material Fig.  S2 ). Epimastigotes were the predominant form in culture (Fig. 3B ). They divided intensely by binary fission forming rosettes of different sizes (Fig. 3C ). Epimastigotes were stout and wide at the anterior third of the cell tapering toward the posterior, and were 21 ± 2 m in length (n = 10). They appeared rigid and only seemed to move on close observation. Epimastigotes attached to each other via a round, extended flagellar sheath (EFS), visible as a dark circle at the anterior end of the cell in the proximity of a short flagellum on smears stained with Diff-Quik (Fig. 3B) . Diff-Quik stained specimens revealed the nucleus and kinetoplast were close to the anterior end of the trypanosome (Fig. 3C) .
Most epimastigotes exhibited a very short flagellum extending past the end of the EFS (Figs 4E, 5A). A second epimastigote form was visible (15 ± 1 m in length, n = 10) with a long flagellum (20 ± 2 m in length, n = 10) that extended back towards the posterior end after exiting the flagellar pocket without the EFS ( Figs 4F , 5B). This second form moved in a circular motion and was observed in rosettes. Epimastigotes generally possessed a smooth surface. However, on occasions the surface of the cells exhibited a budding of exo-vesicles to varying degrees (Fig. 5A ). During epimastigote division, the anterior end of the epimastigote swelled as the kinetoplast and nucleus divided. The cell membrane remained intact until nucleus and kinetoplast division was complete and the organism had reached full length. Separation of the membrane began at the posterior of the trypanosome and finished with the separation of the flagellar sheath (Fig. 5E , F). Division of epimastigotes in rosettes showed the appearance of smaller spherical trypanosomes (Fig. 4C ). Dividing rosettes attached to the surface of cells (Fig. 5E ) or to the glass coverslip ( Fig. 5F ), by the spreading of the flagellar sheath across the substrate when grown with mammalian cells at 37
• C. Multiple nuclei were observed in some dividing epimastigotes (Fig. 4I) .
Two types of trypomastigotes were observed. At 37
• C a slender, long morphological form was seen occasionally that was 25 ± 1 m (n = 10) in length ( Figure 6D ), while a smaller, stumpy form was seen in cultures at 28
• C, these were 8 ± 1 m-in length (n = 10) ( Fig. 5A, D ). An intermediate stage was observed exhibiting a nucleus and kinetoplast that was closer together and slightly wider ( Fig. 4G ) than the long slender trypomastigote ( Fig. 4H ). All trypomastigotes exhibited an elongated nucleus in the middle of the cell, and a compacted and rounded kinetoplast at the posterior end of the cell. Trypomastigote forms were fast moving and possessed a conspicuous undulating membrane that extended from the posterior end of the cell and terminated in the flagellum.
Occasionally, stumpy trypomastigotes appeared to form nests (rosettes) in vitro, although scanning electron microscopy (SEM) revealed these were not dividing (Fig. 5D ). Small spheromastigotes of 2 ± 0.5 m in length (n = 10) were observed by SEM but they were too small to be resolved as trypanosomes in light microscopy.
Longitudinal and transverse TEM sections of epimastigotes grown in vitro revealed a cellular structure typical of epimastigotes of other Trypanosoma species (Fig. 6A, B) . The nucleus and nucleolus were well defined. The kinetoplast was 500 nm in length, 100 nm in width (Fig. 6C ) and was seen enclosed within the mitochondrial membrane. The posterior region of the basal body and the filaments that connect the kinetoplast to the basal body were observed attached to the kinetoplast (Fig. 6C) . The kinetoplast was inside the mitochondrion membrane making the mitochondria-kinetoplast complex, which was observed in a transverse section (Fig. 6B ) extending along the dorsal surface of the trypanosome. The flagellar axoneme had a 9 + 2 arrangement of microtubules (Fig. 6B) . In SEM images the epimastigotes appeared to sometimes lack a flagellum (Fig. 5E ). However, it was revealed in TEM micrographs that the flagellum was inside the sheath as the axoneme was visible inside the EFS (Fig. 6B) . Acidocalcisomes, reservosomes and glycosomes were also observed (Fig. 6A ). Black and white dots indicating the presence of glycosomes, reservosomes and acidocalcisomes were visible in the cytoplasm of live cells (Fig. 3) .
Trypanosomes Co-cultured with Cells
Stumpy and slender trypomastigotes of the new isolate were unable to invade or develop within VERO cells in vitro. Both forms were seen swimming freely in the medium and occasionally attached to cells by the posterior end (Supplementary Material Fig S2) .
Possible Vector
PCR results demonstrated that none of the 42 fleas from the family Pulicidae and Stephanocircidae, 568 lice from the family Boopiidae, 1769 mosquitoes from the family Culicidae, and 1456 ticks from the family Ixodidae (pooled into 30, 140, 86, and 295 samples respectively) were positive for the new species. However, PCR and further sequencing of the 18S rDNA gene showed that of the 302 tabanid flies examined (family Tabanidae), 31 of the 102 pooled samples (30%) were positive for the new species. Moreover, of the 578 biting midges examined (family Ceratopogonidae), A. epimastigotes grown at 28 • C exhibit an exposed flagellar sheath (left) and exo-vesicles (white arrow), and stumpy trypomastigote (right). B. epimastigote exhibiting long flagellum and short flagellum (left). C. slender trypomastigote grown at 37 • C. D. stumpy trypomastigotes forming a nest. E. rosette attached to a mammalian cell grown at 37 • C. F. rosette attached to a glass coverslip grown at 37 • C, the spreading of the flagellar sheath is visible (black arrowhead).
12 of the 21 pooled samples (57%) were positive for the new isolate. Only nine 18S rDNA sequences were obtained from tabanid flies. Sequence alignments of these nine isolates from tabanid flies and the isolate from culture showed some polymorphisms between them, and all grouped together in the 18S rDNA phylogeny (Fig. 1) . CytB and gGAPDH sequences could not be obtained due to difficulties with the low sensitivity of the CytB PCR, and due to unspecific binding of the gGAPDH primers, which amplified DNA from other Trypanosomatids that infect insects (data not shown). Assuming that a positive pooled sample contained at least one positive insect, the minimum estimated proportion of tabanid flies and biting midges positive for the new species was 10% and 2% respectively.
Taxonomy
Taxonomic positioning: Phylum Euglenozoa Cavalier- Smith, 1981 , class Kinetoplastea Honigberg, 1963 emend. Vickerman, 1976 , subclass Metakinetoplastina Vickerman, 2004 , order Trypanosomatida (Kent, 1880 ) Hollande, 1952 , family Trypanosomatidae Doflein, 1951 , and genus Trypanosoma Gruby, 1843 Generic assignment: This new isolate from the woylie was placed in the genus Trypanosoma because it exhibits cell morphotypes including trypomastigotes and epimastigotes, and was found to be phylogenetically affiliated with other trypanosome species. All phylogenies demonstrated the new species was within the monophyletic group of trypanosomes.
Species diagnosis: the new species described in this study, can be unequivocally distinguished from all other species of trypanosomes by its unique gene sequences, and phylogenetic positioning. The sequences from all genotypes within the species found in the woylie and tabanids flies are deposited in GenBank under the following accession numbers: T. noyesi WC6218 (18S rDNA: KU354263, gGAPDH: KU354264, CytB: KU354265), T. noyesi TF27, TF212, TF857, TF1059, TF1160, TF1261, TF1362, TF2170 and TF3382 (18S rDNA: KX008312 -KX008320), T. noyesi H25 (18S rDNA: AJ009168, gGAPDH: AJ620276), T. noyesi AP2011 15/17 (18S rDNA: JN315381 -JN315381, gGAPDH: JN315395 -JN315396), and T. noyesi H25 G8 (18S rDNA: KC753537, gGAPDH: KC812988). T. noyesi epimastigotes are characterised by the attachment to each other via a round, extended flagellar sheath, visible as a darkly staining circle at the anterior end of the cell in the proximity of a very short flagellum. Two types of trypomastigotes are present, a slender form of about 25 ± 1 m in length, and a stumpy form of about 8 ± 1 m in length.
Trypanosoma noyesi sp. nov. Botero and Cooper 2016
Type material: hapanotype Romanowsky-type stain 'Diff-Quik' smears of first passage in vitro from WC6218 blood and cryo-vials of WC6218 deposited in liquid nitrogen cryobanks at Murdoch University.
Type host: brush-tailed bettong or woylie (Betongia penicillata)
Type location: Upper Warren region in Western Australia (34.2333
• S, 116.1333
• E) Additional hosts: Eastern grey kangaroos (Macropus giganteus), brush-tailed possums (Trichosurus vulpecula), burrowing bettongs or bodies (Bettongia lesueur), and banded-hare wallabies (Lagostrophus fasciatus) (Botero et al. 2013; Noyes et al. 1999; Paparini et al. 2011) .
Vector: Unknown. Etymology: Trypanosoma noyesi sp. nov. is named in recognition of Dr. Harry Noyes who originally isolated and described H25. (Lima et al. 2013 (Lima et al. , 2015 . The present study failed to demonstrate this, and showed T. livingstonei fell outside of the T. cruzi clade. Shorter fragments of 18S rDNA used in the present study could have reduced the information required to show this relationship. However, our gGAPDH phylogeny positioned T. livingstonei within the T. cruzi clade. T. noyesi from the woylie, H25 from the kangaroo, and AP2011 15/17 from possums exhibit short genetic distances between them indicating they are the same species exhibiting intraspecific diversity, which has been observed in other Australian trypanosomes including T. copemani and T. vegrandis (Botero et al. 2013 ). The lack of host specificity in T. noyesi could be due to multiple host switching events over time, and could account for the observed intraspecific diversity. However, as details of the entire host range of T. noyesi and other Australian trypanosomes remain unknown, the mechanism facilitating the host-switching is uncertain.
It has been demonstrated that most Trypanosoma species within the T. cruzi clade are present in bats, including T. cruzi (da Silva et al. 2009; Lima et al. 2015) . This study did not identify the presence of T. noyesi in the Australian grey headed flying fox. Within Australia four species of trypanosomes have been reported infecting bats including, T. pteropi in flying foxes (Pteropus alecto) (Breinl 1913; Johnston 1916) , and T. hipposideri in the dusky round-leaf bat (Hipposideros albanensis) (Mackerras 1959) . However, the description of these species was based on their morphology in blood alone and nothing is known about their life cycle, host-parasite interactions, or phylogenetic relationships. T. vegrandis was identified infecting the Gould's wattled bat (Chalinolobus gouldii), lesser long-eared bat (Nyctophilus geoffroyi), little red flying fox (Pteropus scapulatus), and black flying fox (Pteropus Alecto) using molecular techniques (Austen et al. 2015) . More recently, T. teixeirae has been described from the Australian little red flying fox (Pteropus scapulatus), which was in the T. cruzi clade (Barbosa et al. 2016 ). This indicates more extensive sampling from the blood and tissues of other Australian bats are needed to determine the possible origin and evolutionary history of trypanosomes within the T. cruzi clade.
T. noyesi Morphology and Ultrastructure in vitro
The morphology of T. noyesi is different to other trypanosomes within the T. cruzi clade demonstrating the morphological diversity in this group, which is well documented (Hoare 1972; Lima et al. 2013 Lima et al. , 2015 . Notably, T. conorhini and T. rangeli were originally placed in different subgenera based on their morphology and behaviour (Hoare 1972), and were moved into the T. cruzi clade following molecular characterization (Hamilton et al. 2007) . T. noyesi is also morphologically distinct from other Australian marsupial trypanosomes isolated in vitro, which includes T. copemani (Austen et al. 2009 
), T. sp. ABF (Hamilton et al. 2004), and T. thylacis (Mackerras 1959).
T. noyesi has not been reported in blood smears, despite several studies identifying the presence of T. noyesi DNA in the blood, which may indicate low parasitaemia (Botero et al. 2013; Noyes et al. 1999; Paparini et al. 2011 ). However, considering that trypanosomes isolated from Australian mammals exhibit polymorphism in blood within and between hosts (Austen et al. 2009; Thompson et al. 2013) , and occur in mixed infections (Botero et al. 2013; Paparini et al. 2011) describing species based on blood stream morphology is unreliable. Traditional taxonomy was not designed to cater for protozoan biology, which has resulted in a number of inconsistencies in the current records of trypanosomes characterised in Australia (Cooper et al. 2016; Thompson et al. 2014; Votýpka et al. 2015) . Advances in high resolution microscopy and in vitro cultivation have improved the ability to characterise trypanosomes by providing a stable environment to investigate trypanosome morphology and differentiation.
The dominant morphological form of T. noyesi in vitro is the epimastigote and not the promastigote as described by Noyes et al. (1999) . Promastigotes are a common culture form of Leishmania spp. and monoxenous trypanosomatids. The epimastigotes of T. noyesi appear similar to promastigotes in light microscopy images due to the rigidity of their structure. In promastigotes, the flagellum exits the trypanosome at the direct center of the anterior end from the flagellar pocket. However, the flagellum is visible along the side of the trypanosomes in T. noyesi SEM micrographs. A small number of 'epimastigotes' with a short emergent flagellum and 'nectomonads' with long flagellum were also previously reported (Noyes et al. 1999 ). However, the data collected from optical and electron microscopy in this study support the proposition that these are all epimastigotes with varying lengths of flagella. The structure observed protruding at the end of the epimastigote of T. noyesi is referred to as an extension of the flagellar sheath and links one cell to another via junction complexes called hemidesmosomes (Brooker 1970; Noyes et al. 1999) . T. freitasi, found in opossums has been noted to have forms of unusual epimastigotes that produce an extended flagellar sheath that occur in the lumen of the scent gland and not in an invertebrate host (Thomaz et al. 1990) . T. freitasi uses the extended flagellar sheath to attach to the outside of the cell membrane as a means of support whilst dividing (Thomaz et al. 1990 ). In T. noyesi the sheaths were observed forming rosettes and attaching to cell membranes and glass coverslips indicating they are also used to attach to cells. T. cruzi epimastigotes in vitro grow in rosettes similar to T. noyesi, but they move very fast lacking the adhesive sheaths and instead link via their flagella (Hoare 1972) . T. noyesi epimastigotes exhibited exo-vesicles budding on the surface of the cell in varying degrees. In Leishmania spp., exo-vesicles occur after being exposed to changes in temperature during inoculations from the sand fly to the mammalian host, which induces a release of proteins that changes the morphology of the parasite and is speculated to deter macrophages in the host (Hassani et al. 2011) . Within the same sample T. noyesi exhibited both smooth and exovesicle producing surfaces, ruling out the likelihood that these are artefactual. The exo-vesicles could be an indicator of the health of the trypanosomes and further investigation is required in order to understand their presence and nature. The stumpy trypomastigotes present in vitro were described in T. sp H25 by Noyes et al. (1999) , and in a number of other trypanosomes referred to as T. lewisi-like trypanosomes in the stercorarian subgenus Herpetosoma Doflein, 1901 (Hoare 1972 including T. wauwau (Lima et al. 2015) . They occur in T. lewisi and T. zapi (two rodent trypanosomes) in vitro isolated from the flea rectum and maintained in vitro at 28
• C. The other trypomastigote observed for the first time was the slender trypomastigote, which resembled other in vitro trypomastigotes, including those of T. cruzi, T. wauwau, and T. copemani (Botero et al. 2013; Hoare 1972; Lima et al. 2015) .
In T. cruzi this morphological form is observed in the mammalian host and invades a number of host cells (Hoare 1972) . T. noyesi was unable to infect LLCMK1 cells (Rhesus monkey kidney cells) in vitro and mice in vivo in a previous study (Noyes et al. 1999) . In the present study higher numbers of slender or stumpy trypmastigotes of T. noyesi were co-cultured with African green monkey kidney epithelial cells (VERO). T. noyesi was not observed inside cells, although many members of the T. cruzi clade do not infect cells. Whether non-intracellular trypanosomes in the T. cruzi clade have lost this ability or never developed it remains unknown. Considering that intracellular localisation has been observed in T. copemani isolated from the woylie (Botero et al. 2013) , and suggestions that Australian trypanosomes may be pathogenic to their hosts (Botero et al. 2013; McInnes et al. 2011) , the impact of trypanosomes on local wildlife remains an area that warrants further study.
Possible Vector
The aim of this preliminary vector investigation was to screen for trypanosome DNA from a large number of haematophagous arthropods in order to identify putative vector candidates of T. noyesi. Samples of a relatively large number of insects and arachnids were pooled for DNA extraction, assuming that a positive pooled sample represented (at least) a single positive individual. Therefore, the minimum prevalence of positive arthropods has been reported, with the actual prevalence of insects that ingested T. noyesi possibly being higher. Tabanid flies and sand-flies are both vectors of trypanosomes, including Tabanus spp. transmitting T. theileri, and Lutzomyia spp. transmitting T. leonidasdeanei (Hoare 1972) . T. noyesi was identified from at least 10.3% of the tabanid flies sampled. A limitation of the methodology used here was that a positive arthropod sample could not be confirmed as a vector, which has an established trypanosome infection within its gut (Seblova et al. 2014) as it could represent ingested or partly-digested trypanosomes from a blood meal. It was outside the scope of this study to identify the large number of insects to genus and species level. Therefore, it is not possible to comment further on the species that may be important for transmission of T. noyesi. There is a lack of knowledge regarding the dispersion and vectorial capacity of invertebrates in Australia (Thompson and Thompson 2015) . Although, considering the presence of T. noyesi on both west and east Australia the vector is most likely a commonly occurring invertebrate.
Conclusions
This study describes an Australian trypanosome, T. noyesi, based on morphology and phylogenetic position, providing insight into the relationships and diversity present within the T. cruzi clade. In the past a number of trypanosomes have been described to species based on descriptions of their morphology in blood smears taken from the vertebrate host, or partial genetic data, especially in Australia (Mackerras 1959; McInnes et al. 2011) . Future studies are required to fill these gaps to understand the true nature of host-parasite interactions and evolutionary relationships in Australian trypanosomes. In Australia where trypanosomes exhibit low parasitaemia, phenotypic differences in bloodstream trypomastigotes, and no species specificity, we have shown that in vitro cultures are essential when describing new species. Future studies are required to investigate the vectorial candidates of T. noyesi as this is an area that requires urgent attention due to the biosecurity risks involved and the severe lack of knowledge on trypanosome vectors in Australia.
Methods
Isolation of woylie trypanosomes in vitro:
Blood samples were collected from woylies previously known to be infected with T. noyesi by PCR in the Upper Warren region in Western Australia (34.2333
• S, 116.1333 • E) (Botero et al. 2013; Thompson et al. 2013) . Wildlife sampling was carried out under Murdoch University animal ethics approval permit numbers W2350-10, RW2659-14, and DEC animal ethics approval permit number DECAEC/52/2009. Woylies were trapped in small cage traps (20 cm × 20 cm × 56 cm) baited with a mixture of rolled oats and peanut butter. Traps were placed at set intervals (usually 200 m) along tracks in the study site. Blood was collected from the lateral caudal vein and blood smears were made using approximately 20 l of blood. Cultures were established by inoculation of approximately 50 l of peripheral blood into minicollect tubes (greiner bio-one) containing TRPMI 1640 supplemented with 10% fetal calf serum and 1% Penicillin-Streptomycin. Tubes were checked every week by light microscopy for motile trypanosomes. When trypanosomes were seen for the first time, trypanosomes were sub-cultured in 25 cm 2 tissue culture flasks or Nunc TM cell culture tubes (Thermo scientific) with biphasic medium containing BHI medium, agar, gentamicin, and 10% defibrinated horse blood as a solid phase, and either TRPMI 1640, LIT, or Grace's media as a liquid phase. Cultures were left for one to two weeks and then the supernatant was removed and replaced with new liquid medium. Optimal growth requirements in liquid medium alone were determined using RPMI 1640, TRPMI 1640, LIT, and Grace's media. Cultures were maintained in liquid media by successive passages every three days at 28
• C and were deposited in liquid nitrogen cryobanks at Murdoch University.
Cell infection: Monolayers of VERO cells (kidney epithelial cells) were trypsinised and seeded onto tissue cultureslides (16-wells) at a concentration of 1.5 × 10 4 cells/ml. After 24 hours, the media was discarded to remove non-adherent cells and 100 l of parasite suspension containing 1.5 × 10 5 parasites/ml was added to each well (1:10 cell/parasite ratio). Cultures from the stationary phase containing numerous trypomastigote forms were used to infect cells. Slides were incubated at 37
• C and 5% CO 2 . At 24 hours post-infection, the supernatant was discarded and some slides were washed three times with 1 x phosphate buffer solution (PBS) to remove non-adherent parasites. Coverslips were removed and cultureslides were air-dried and stained with the commercial stain 'Diff-Quik' for examination of intracellular parasites or attached trypanosomes by light microscopy. Experiments were replicated three times on separate occasions.
Optical, scanning and transmission electron microscopy: Blood smears taken from woylies and smears of logarithmic and stationary phase from trypanosomes grown in culture were stained with Diff-Quick, and the morphology of trypanosomes examined by light microscopy. Live-cell phase contrast microscopy of parasites was performed using a Nikon A1 confocal laser microscope with an attached tokai hit incubation chamber. For scanning electron microscopy (SEM), culture forms were fixed in a 1:1 mixture of 5% glutaraldehyde in 1 x PBS: cell culture medium (pH 7.2) for one hour and then washed with 1 x PBS three times before being stored in fresh 2.5% glutaraldehyde in 1 x PBS at 4
• C. Samples were mounted on poly-L-lysine coated coverslips, progressively dehydrated through a series of ethanol solutions using a PELCO Biowave microwave, and critical point dried as previously described (Edwards et al. 2011) . Coverslips were mounted on stubs with adhesive carbon, coated with 2 nm platinum (Pt) and 10 nm of carbon, and imaged at 3 kV using the in-lens secondary electron detector on a Zeiss 55VP field emission SEM. For transmission electron microscopy (TEM), trypanosomes were similarly fixed and stored. All subsequent processing was performed in a PELCO Biowave microwave, where samples were post-fixed in 1% OsO4 in PBS followed by progressive dehydration in ethanol then acetone, before being infiltrated and embedded in Procure-Araldite epoxy resin. Sections 100-120 nm-thick were cut using a diamond knife and mounted on copper grids. Digital images were collected from unstained sections at 120 kV on a JEOL 2100 TEM fitted with a Gatan ORIUS1000 camera.
Ectoparasites and haematophagous insect collection and pooling: Ticks were removed from the skin of woylies using fine forceps; lice and fleas were collected from the fur using a fine toothcomb. Haematophagous insects were caught using both Marris style Malaise and Nzi traps; traps were baited with octenol lures, and contained a collection pot filled with 70% ethanol. Free-living haematophagous insects analysed included tabanids (also called march-flies) (Tabanidae), biting midges (Ceratopogonidae) and mosquitoes (Culicidae). All of these haematophagous insects, along with the ectoparasites were removed from the woylies and stored in 70% ethanol for further identification and DNA extraction. Collected ectoparasites and haematophagous insects were removed from the 70% ethanol solution, allowed to air dry, and identified morphologically to at least family level. Each family of ectoparasites collected from an individual woylie was pooled into separate 1.5 ml microcentrifuge tubes, with a maximum of fifteen similar ectoparasites per tube. Each family of dipterans was pooled into a separate 1.5 ml microcentrifuge tube, with a maximum of 30 insects per tube.
Collection of bat tissue samples: Tissue samples from grey-headed flying foxes (Pteropus poliocephalus) from New South Wales were collected from sick-euthanised animals that were presented to Taronga Zoo for treatment, and from dead animals sent for necropsy. Sick animals were euthanised due to very poor body condition, severe injury, and poor prognosis for return to the wild. A total of 57 tissue samples were collected from 31 carcasses and at least two of the following tissues were collected from each animal: kidney, liver, spleen, heart, and brain. All tissue samples were extensively washed with 1 x PBS and stored in 100% ethanol for DNA isolation.
DNA extractions: Genomic DNA of trypanosomes isolated in vitro and bat tissues were obtained using the QIAamp blood and tissue DNA MiniKit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA from the arthropods was extracted using the Wizard ® Genomic DNA Purification Kit as per the protocol for animal tissue extraction (Promega, Wisconsin USA), except that the arthropods were homogenised in 600 l of nucleic lysis solution, and then incubated at 65
• C for 12 hours rather than the recommended 15-30 mins. Extracted DNA from blood and arthropods was eluted in 60 l of DNA rehydration solution and stored at −20
• C. Negative controls (containing only reagents) were included.
Trypanosome species detection by PCR using generic Trypanosomatid primers and sequencing: Sequences were obtained for the woylie trypanosome isolate (WC6218) from the 18S rDNA, gGAPDH and CytB gene regions. Nine 18S rDNA sequences were also obtained from trypanosomes from tabanid flies. All sequences were deposited on the Genbank and accession numbers are available in Supplementary Table 2 . An approximately 1.4 kb fragment of the variable region of the 18S rDNA gene was amplified and sequenced using nested PCRs with generic trypanosomatid primers as described previously (McInnes et al. 2009) . A second fragment of approximately 810 bp of the gGAPDH gene was amplified and sequenced using modified hemi-nested reactions previously described (Botero et al. 2013 ). Finally, a third fragment of approximately 710 bp of the CytB gene was amplified using the primers L.cyt-S: 5 -GGTGTAGGTTTTAGTYTAGG -3 and: L.cyt-R: 5 CTACAATAAACAAATCATAATATRCAATT-3 (Kato et al., 2010) . The amplification reactions were performed in a final volume of 25 l containing 0.2 units of Taq polymerase, 200 M of each dNTP, 200 nM of each primer, 1.5 mM MgCL2, and 1 l of DNA template. Amplification was performed in a PT100 thermocycler (MJ Research) and consisted of a denaturation step at 94
• C for 5 min, followed by 35 cycles of 30 secs at 94
• C, 30 s at 52
• C, 50 s at 72
• C, and a final extension step at 72
• C for 7 min. PCR products were run on a 1.5% agarose gel stained with SYBR safe (Invitrogen, USA), and visualised with a dark reader trans-illuminator (Clare Chemical Research, USA). PCR products were purified using Agencourt AMPure PCR Purification system following the manufacturer's instructions and sequenced using an ABI PrismTM Terminator Cycle Sequencing kit (Applied Bio-systems, California, USA) on an Applied Bio-system 3730 DNA Analyser at the Western Australian State Agricultural Biotechnology Centre. Sequences were aligned and edited using Sequencher version 5.0.
DNA sequence alignments and phylogenetic inferences: 18S rDNA, gGAPDH, and CytB sequences were aligned using MUSCLE (Edgar 2004) . Three different alignments were created for phylogenetic inference. First, a 1,441 bp sequence of the 18S rDNA gene was aligned with 57 Trypanosoma spp. sequences representing all known trypanosome clades, and five other trypanosomatid sequences for use as outgroups.
Secondly, a 810 bp gGAPDH sequence was aligned with 59 Trypanosoma spp. sequences representing all major trypanosome clades, and five other trypanosomatid sequences for use as outgroups. Thirdly, a 710 bp CytB sequence was aligned with 23 Trypanosoma spp. sequences representing all the T. cruzi clade and using T. lewisi as an outgroup. All sequences were obtained from GenBank (Supplementary Material Table S2 ). The new trypanosome sequences and T. lewisi CytB sequence were deposited on GenBank. A Bayesian analysis was run in Mr Bayes v. 3.1.2 (Ronquist and Huelsenbeck 2003). jModelTest 2.1.1 was used to find the most appropriate nucleotide substitution model (Posada 2008) . The model chosen was: the GTR+I+G for all alignments. The posterior probability distribution was estimated using The Markov chain Monte Carlo, which was run for 10000000 generations, until the mean standard deviation of split frequencies was lower than 0.01 and confirmed by Mr Bayes potential scale reduction factor values close to 1.00. Trees were sampled every 1000th generations and the first 2500 trees (first 250000 generations), which usually present very low likelihood values, were discarded as burn-in.
Trypanosome species confirmation by PCR using 18S rDNA species-specific primers: All positive samples were also screened using Clade C species-specific PCR primers (Botero et al. 2013 ) that amplify H25, AP2011 15/17, and H25 G8 DNA. To investigate the presence of mixed infections, samples were also screened with Clade A species-specific primers that amplify T. copemani DNA, and Clade B species-specific PCR primers that amplify T. vegrandis DNA (Botero et al. 2013) .
Genetic distances: Estimates of evolutionary divergence in the CytB, and 18S rDNA sequences were obtained between T. noyesi and the Trypanosoma spp. within the T. cruzi clade. Analyses were conducted using the Maximum Composite Likelihood model in MEGA6 (Tamura et al. 2013 ). The analysis involved nucleotide sequences from seven and eight spp. All positions containing gaps and missing data were eliminated. There were a total of 412 positions for CytB and 1.148 for 18S rDNA in the final dataset. Evolutionary analyses were conducted in MEGA6.
